Targeted therapy for cancer, which is specifically directed toward the cancer without any potential for effects outside of controlling the tumor, is a gold standard for treatment. Ewing's sarcoma contains the potential target EWS-FLI1, as a result of a pathognomonic chromosomal translocation. The EWS-FLI1 fusion protein includes the EWS domain, a potent transcriptional activator alongside the highly conserved FLI1 ets DNA-binding domain. Because of the combination of these domains, the EWS-FLI1 fusion protein acts as an aberrant transcription factor whose expression results in cellular transformation. EWS-FLI1 functions by binding to normal cellular protein partners in transcription and splicing, similar to how a virus would corrupt normal cellular machinery for virion production. Therefore, understanding the protein-protein interactions of EWS-FLI1 and the pathways that are regulated by these partnerships will inform both oncogenesis and therapeutics. This review describes the known protein partners and transcriptional targets of EWS-FLI1, while proposing strategies for exploiting these partnerships with targeted therapy. Clin Cancer Res; 16(16); OF1-7. ©2010 AACR.
Background
The Ewing's sarcoma family of tumors (ESFT) is composed of highly malignant tumors of bone and soft tissue occurring in children, adolescents, and young adults, requiring novel, targeted therapies to exploit tumor vulnerability based on ESFT ontogeny, oncogenesis, and tumormaintenance pathways (reviewed in ref. 1) . ESFT are defined by the characteristic chromosomal translocation t (11:22) and its fusion protein product EWS-FLI1. The translocation, or a related variant, occurs in 95% of tumors (2) , between the central exons of the EWSR1 gene (for "Ewing Sarcoma Breakpoint region 1"; chromosome 22) , to the central exons of an ets family gene; either FLI1 ("Friend Leukemia integration 1"; chromosome 11) or ERG ("v-ets erythroblastosis virus E26 oncogene homolog"; chromosome 21), t (11;22) and t (21;22) , respectively.
The ontogeny of ESFT has been debated for more than 50 years, in the quest for the tumors' cell of origin. To identify the cell of origin, multiple models have been created that express EWS-FLI1 in a variety of cell types, which delete EWS-FLI1 from ESFT cell lines, and which directly compare endogenous ESFT cell lines with primordial cell lines. Although early evidence favored a neuroectodermal origin, many recent studies have identified a primitive mesenchymal cell as the potential origin of ESFT (for reviews see refs. 3, 4) . In fact, one unanswered question is whether the pathognomonic translocation is the initial event that leads to ESFT development, or if a predisposing genetic lesion leads to the translocation.
Whether initial event, or second hit, the EWS-FLI1 fusion protein is not only critical for tumor maintenance, but its elimination may be a therapeutic Achilles' "heal" of ESFT. This pathognomonic fusion protein participates in the interconnected pathways of transcription and splicing. Dissection of the key protein partners will likely lead to strategies for disruption that will potentially benefit patients with ESFT by creating novel therapies; in addition, the analysis may be informative about the mysteries of mesenchymal solid tumor oncogenesis.
This review focuses upon the aspects of EWS-FLI1 related to its protein-protein interactions. In fact, linking protein-protein interactions to specific pathway regulation is a new frontier of ESFT research. Exploration and resolution of this frontier may not only shed light on the process of oncogenesis, but may also lead to potentially novel targets for therapeutic development.
EWS-FLI1 a central regulator of ESFT
The cloning of EWSR1-FLI1 and recognition of the expressed fusion protein product in ESFT began an era of molecular analysis of its ontogeny, maintenance, and therapy (5). EWS-FLI1 was quickly identified as a transcriptional activator, on the basis of its FLI1 ets binding domain and the EWS domain's potently activated transcription (6, 7) . Each tumor has a single translocation that combines truncated EWS at either exons 7, 8, 9, or 10 with exons 5, 6, 7, or 8 of FLI1, leading to a series of protein variants. As cDNA technology evolved, seminal studies showed that expression patterns of cDNA linked tumors with EWS-FLI1 expression, but did not distinguish between these fusion protein variants (8, 9) . Many targets of EWS-FLI1, both direct and indirect, have been implicated in ESFT tumor maintenance (10) . Protein partners of EWS-FLI1 were identified as part of the spliceosome, and subsequently, EWS-FLI1 was implicated as a modulator of splicing (11) . Biochemical purification and characterization of EWS-FLI1 revealed it to be a disordered protein (12) , and the intrinsic disorder of EWS-FLI1 is critical for its transcriptional activity (13) .
EWS-FLI1 protein contains intrinsically disordered regions
A basic definition of disordered proteins is the lack of a stable structure when the disordered protein is isolated. The inherent flexibility and movement in disordered proteins allow rapid, yet specific, complex formation and dissociation that are critical for higher level transcriptional regulation in eukaryotes. Thus, the characterization and composition of protein complexes containing EWS-FLI1 are central to revealing its functional pathways. The disordered nature of EWS-FLI1 allows for its participation in multiprotein nuclear complexes. No direct enzymatic activity has been proscribed to EWS-FLI1, nor are any putative enzymatic domains recognized. Therefore, we rely on EWS-FLI1's protein-protein interaction to identify its activity and dissect the functional pathways. EWS-FLI1 protein interactions lead to regulation of transcriptional targets (14, 15) , through processes that modulate mRNA synthesis or splicing. EWS-FLI1 interacts with other proteins on the basis of its intrinsic disorder, rather than currently characterized protein interaction domains (such as SH2, PDZ, etc.). Thus, the intrinsically disordered regions of EWS-FLI1 facilitate protein-protein complexes that lead to oncogenesis.
Disordered proteins have evolved with the higher cellular functions and compartmentalization that correspond to prokaryotes evolving into eukaryotes (16) (17) (18) . The amino acid composition and/or sequence of proteins dictates intrinsic disorder. The abundance of prolines, charged and polar residues, combined with depletion of cysteins, and hydrophobic and aromatic amino acids are hallmarks of intrinsically disordered proteins. This combination of amino acids prevents such proteins from forming singular, fixed structures. These "structureless" peptides and/or proteins do have specific features when analyzed by nuclear magnetic resonance (19) . They exist as dynamic ensembles within which atom positions and backbone Ramachandran angles exhibit extreme temporal and spatial fluctuations without specific equilibrium values. It is important to recognize that disordered proteins are not incorrectly folded rejects of the endoplasmic reticulum directed toward proteosomal degradation, but are proteins whose functions rely upon intrinsic movement to participate in multiprotein complexes like transcription. The characterization and role of disordered proteins in human disease represents a novel intersection of biochemistry and pathology (reviewed in ref. 20) .
The purification of EWS-FLI1 was challenged by many of the biochemical properties of disordered proteins, including low and/or poor solubility and aggregation. By calculating the overall hydrophobicity in relation to the charge of EWS-FLI1, the molecule was described as intrinsically disordered (12) . Importantly, EWS-FLI1 transcriptional activation was dependent on the intrinsic disorder (13) . Three different algorithms (VSL2, VLXT, VL3) show the almost 100% prediction of disorder from the amino-terminal of EWS up to the DNA-binding domain of FLI1 (data are not shown). The DNA-binding domain composed of helix-turn-helix is relatively ordered, whereas the far-carboxy region is also intrinsically disordered. Understanding that EWS-FLI1 is a disordered protein is critical to probing and characterizing its protein-protein interactions.
EWS-FLI1 partners with proteins in transcriptional apparatus
Disordered protein interactions have relatively high specificity and low affinity (21) . Some have postulated that the very properties of EWS-FLI1 intrinsic disorder allow for the precise regulation of transcription (12) . Although a key event in transcriptional regulation occurs when transcription factors bind to regulatory elements in the DNA, it is the recruitment of cofactors that either initiate or repress transcription. Although EWS-FLI1 shares the ets binding core sequence with other ets family members, their divergent regulated targets may be explained by the differences in protein-protein interactions (Fig. 1) .
Early investigations identified that EWS-FLI1 binds to DNA in ternary protein complexes, with binding partners dependent upon adjacent DNA sequences (22) . The EWS-FLI1 interaction with FOS-JUN dimers, which bind AP1 sequences, regulates a number of EWS-FLI1-modulated transcripts, including uridine phosphorlyase (23) . These investigations confirmed a critical role for the far carboxyterminus of EWS-FLI1 in protein-protein interactions, which was predicted from earlier functional studies (24) . In fact, the far-carboxy region of EWS-FLI1 is predicted to be intrinsically disordered, which would support its critical interaction with other transcriptional regulators. Thus, the far-carboxy region of EWS-FLI1 likely determines the adjacent protein binding to DNA regulatory elements. As a transcriptional regulator, EWS-FLI1 not only binds to DNA, but also directly interacts with the transcriptional apparatus.
RNA polymerase holozyme II (Pol II) is a 12-subunit, heteromeric complex that is the synthetic apparatus of mRNA. The wild-type EWS protein binds to the pretranscription complex of TFIID, as well as the synthetic hRPB3 subunit of Pol II (25) . Using an immunoprecipitation approach and confirmatory sedimentation gradient experiments, EWS-FLI1 was not found in the same transcriptional complexes as EWS (25) . The authors were careful to point out that EWS-FLI1 binding to transcriptional proteins may have been missed because of transient interactions with lower affinity. The hRBP7 subunit of Pol II was found to bind EWS-FLI1 and was confirmed to bind to the EWS-portion (26) . An additional report suggests that Pol II phosphorylation differentially determines EWS-FLI1's direct binding (27) . The differential binding of EWS compared with EWS-FLI1 supports different roles for the proteins. There is evidence both in support of and against the hypothesis that EWS-FLI1 acts as a dominant negative to EWS in oncogenesis.
Additional components of the transcriptional apparatus described as partners of EWS-FLI1 include Creb-binding protein (CBP; Fig. 1A; refs. 28, 29) . CBP is also a functional acetylase, yet the acetylation of EWS-FLI1 has not been described. BARD1 was identified as a protein partner using a yeast two-hybrid approach, but the functional role has not been pursued (30) .
RNA helicase A (RHA) was identified as a protein partner of EWS-FLI1 using phage display (31) . RHA is a multifunctional RNA helicase, which is part of both the basal transcriptional apparatus (32) , as well as the posttranscriptional RNA metabolism (33) . RHA was found to be present at promoters occupied by EWS-FLI1 and was required for optimal transformation of murine fibroblasts (31) . Reduced EWS-FLI1 activity and tumorigenesis was observed after using mutation, peptide, and small molecule approaches to disrupt RHA from binding to EWS-FLI1 (34). Fig. 1 . EWS-FLI1 partners with multiple proteins that regulate mRNA transcription and splicing. A, EWS-FLI1 protein-protein interaction partners in transcription. EWS-FLI1 interacts with hsRBP7, RHA, BARD1, C-JUN, SAP1a, CBP/p300. The name of the gene product is listed below the interaction when a given complex is directly linked to that promoter. All references were reviewed that contained evidence of partner proteins for EWS-FLI1 and included if they contained at least two independent validation experiments. The description of each protein interaction is described in the text. Dotted lines indicate well-documented interactions between proteins described in models that did not specifically include EWS-FLI1. B, EWS-FLI1 protein-protein interaction partners in splicing. U1C and SF1 proteins interact with EWS-FLI1 to modulate splicing. Interactions with YB1 and SR inhibit or alter splicing. Dotted lines indicate well-documented interactions between proteins described in models that did not specifically include EWS-FLI1. NR0B1 (DAX1) was first identified as a transcriptional target of EWS-FLI1 using a cDNA array that compared profiles of EWS-FLI1 to FLI1-expressing cells (35, 36) . NR0B1 putatively regulates cell cycle in ESFT cell lines (37) . When the EWS-FLI1 level was reduced with RNA interference, NR0B1 transcription levels were reduced, suggesting EWS-FLI1 regulates NR0B1 transcription. NR0B1 was also necessary, but not sufficient, for the transformation of fibroblasts by EWS-FLI1 (36) . EWS-FLI1 not only activates transcription of NR0B1, but the two proteins also seem to partner at sites of DNA binding (38) .
EWS-FLI1 protein interactions include the spliceosome
Posttranscriptional mRNA splicing is a critical regulatory aspect of ultimate protein production. Using an unbiased yeast two-hybrid approach, the splicing component snRNP U1C was identified as a protein partner of EWS-FLI1 ( Fig. 1B; ref. 11 ). EWS-FLI1 functionally altered splice site selection of the E1A transcript (39) . Additional proteins involved in the EWS-FLI1 spliceosome, but not identified as directly binding to EWS-FLI1, are the TASR proteins (27) and YB-1 (40) . More recently, EWS-FLI1 showed altered splice site selection of cyclin D leading to a more stable cell cycle agonist (41) . The small molecule YK-4-279 that blocks RHA binding to EWS-FLI1 showed decreased cyclin D levels in ESFT cells (34) . Recently, a proteomic approach identified multiple spliceosome components binding to EWS, but EWS-FLI1 was not evaluated (42) .
Posttranslational modifications of EWS-FLI1 influence protein interactions
The posttranslational modifications of EWS-FLI1 have been relatively elusive, and to date, this area of investigation suffers a paucity of published findings. If ESFT cells are stressed with a potent toxin that induces double-strand DNA breakage, EWS-FLI1 is phosphorylated on specific threonine residues (43) . In a more general approach, ESFT cells treated with okadaic acid, as a general poison of serinethreonine phosphatases, showed enhanced phosphorylation; however, the residues were not identified (44) .
O-GlcNAcylation of EWS-FLI1 enhances transcription and seems to be reciprocally related to phosphorylation (44) . The effects of these posttranslational modifications on EWS-FLI1 protein-protein interactions and on overall ESFT cellular growth remain to be investigated.
Transcriptome of ESFT regulated by EWS-FLI1
Although EWS-FLI1 partnering is relatively novel, EWS-FLI1 transcriptional targets have long been recognized as important mediators of oncogenesis. The pathways that are modulated by these transcriptional targets are thought to summarize the Ewing's sarcoma phenotype. Although a recent study describes a complete functional map of ESFT, it does so at the level of an integrative analysis of gene expression profiling experiments (45) . Specific downstream targets of EWS-FLI1 have been investigated on the basis of expression array analysis and, in many cases, follow-up functional investigation.
Transcriptional targets of EWS-FLI1 include transcriptional modulators, signaling molecules, cell cycle regulators, metabolism, and angiogenesis genes ( Table 1) . Direct targets of EWS-FLI1 are those that have been confirmed with techniques such as chromatin immunoprecipitation, whereas indirect targets have not yet been shown to have this direct association of EWS-FLI1 with the gene promoter. Although many of the initially discovered targets have been reviewed (10) , new targets that are more directly associated with cell fate have been identified. Recently, Enhancer of Zeste 2 (EZH2) was identified as a direct target of EWS-FLI1 (46, 47) . EZH2 directly resulted in upregulation of genes having roles in neuroectodermal and endothelial differential in ESFT cells. Other recently identified direct targets include caveolin (48), Aurora kinase A (49), hTERT (50), uridine phosphorylase (51), GSTM4 (52), PLD2 (53) , and GLI1 (54, 55).
Clinical-Translational Advances

Targeting the oncoprotein EWS-FLI1
EWS-FLI1 has only been identified in tumor cells, thus providing a unique therapeutic target. EWS-FLI1, as a 
single oncogene, is able to transform fibroblasts, although the cellular context and augmenting proteins are necessary for oncogenesis (56) . Reduction of EWS-FLI1 by antisense oligodeoxynucleotides (57) (58) (59) , antisense RNA expressed from a vector (59) (60) (61) , and small interfering RNA (siRNA) delivered via nanoparticles (62), all inhibit the proliferation of ESFT cell lines and xenografted tumors. The lack of clinical translation of these macromolecule-based strategies lies in the challenge of pharmacologic delivery (63) . Targeted inhibition represents a significant challenge because EWS-FLI1 lacks intrinsic enzymatic function, as described above. One approach to identifying EWS-FLI1 inhibitors is based upon high-throughput transcript activation (64) . An alternative was sought to identify clinically approved agents with a similar cDNA signature as compared with decreased EWS-FLI1 levels. Neither of these methods has led to validated, specific EWS-FLI1 inhibitors. Disruption of key EWS-FLI1 protein-protein interactions is a strategy suggested to regulate other ets-family proteins (65), thus potentially useful for EWS-FLI1.
Fortunately, the intrinsic flexibility and movement of disordered proteins not only allows for protein-protein interaction, leading to formation of transcriptional complexes, but also provides an opportunity for small molecule targeting. Disruption of protein-protein interactions is thought to be a very challenging, albeit surmountable, target for small molecule therapeutics (66) (67) (68) . Investigators are actively exploring the methodology of identifying small molecule protein-protein interaction inhibitors (69) . In order to effectively target EWS-FLI1 and develop assays for small molecule optimization, we sought valid protein partners of EWS-FLI1. An elegant correlation showed that the region of RHA that bound to EWS-FLI1 contained the degenerate peptide sequence (E9R) from phage display (31) . E9R has been an important tool for validating the interaction of EWS-FLI1/RHA as a therapeutic target (34) .
The recombinant EWS-FLI1 was a critical reagent for screening a library of small molecules to identify compounds with direct binding. Molecules identified from a National Cancer Institute Developmental Therapeutics Program library were secondarily screened as having "drug-like" qualities by collaborators with medicinal chemistry expertise. A lead scaffold was selected, followed by combinatorial expansion, on the basis of decorating one of the phenol rings. Among the novel structures, YK-4-279 was selected for further study on the basis of assays showing dissociation of recombinant RHA from EWS-FLI1 (34) .
In addition to EWS-FLI1 protein-protein interaction targeting, some investigators are inhibiting key transcriptional targets. An example is MLN8237, a small molecule inhibitor of Aurora kinase A (AURKA). Recently, AURKA was shown as a transcriptional target of ESFT, and in a screen of pediatric tumors using the AURKA inhibitor, ESFT xenografts were particularly sensitive (70) . Insulin-like growth factor receptor I (IGF-IR) inhibitors, small molecules, and antibodies are in widespread clinical trials for patients with ESFT. These trials are based upon data that IGF-IR is critical for EWS-FLI1 transformation, as well as an abundance of preclinical studies showing xenograft efficacy (56, 71, 72) . Recently, a first phase I study of an IGF-IR antibody showed clinical regression in patients with ESFT (73) .
Integration of EWS-FLI1 directed therapy into clinical use
At this time, no direct, targeted therapeutics against EWS-FLI1 are in clinical use. However, the evolution of proteomics with enhanced biochemical understanding of disordered proteins will likely lead to novel therapeutics. Given the high mortality of patients with metastatic or recurrent disease, who ultimately become refractory to nontargeted therapy, novel and effective therapeutics are needed. The small molecule YK-4-279 is the first molecule to directly target EWS-FLI1 (34) , and, if developed clinically, would potentially add to the clinical arsenal against ESFT. Additional therapies that target the "targets" will be interesting to explore, as the targeted pathways of EWS-FLI1 may enhance the vulnerability of ESFT. The development of EWS-FLI1-specific therapies will likely benefit patients with ESFT and will inform the mechanism of cancers that have the Achilles' heel of a chromosomal translocation-generated oncoprotein.
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